Triboelectric nanogenerators (TENGs) are an emerging mechanical energy harvesting technology that was recently demonstrated. Due to their flexibility, they can be fabricated in various configurations and consequently have a large number of applications. Here, we present a study on the influence of the thickness of the triboelectric layer and of the contact surface area between two triboelectrical materials on the electric signals generated by a TENG. Using the PDMS-Nylon tribo-pair, and varying the thickness of the PDMS layer, we demonstrate that the generated voltage decreases with increasing thickness. However, the maximum generated current presents an inverse behaviour, increasing with increasing PDMS thickness. The maximum output power initially increases with increasing PDMS thickness up to 32 µm, followed by a sharp decrease. Using the same tribo-pair (but now with a constant PDMS thickness), we verified that increasing the contact surface area between the two tribo-materials increases the electrical signals generated from the triboelectric effect.
Introduction
The most recent energy harvesting technology comes from the triboelectric effect [1, 2, 3, 4] . Triboelectric nanogenerators (TENGs) are based on the conjunction of triboelectrification and electrostatic induction in which a material becomes electrically charged after it comes into contact with another material through friction [5, 6, 7, 8] . The discovery of TENGs opened a new field for materials scientists to fabricate nanogenerators that convert mechanical energy at high efficiencies [1, 2, 9, 10, 11] and that are easy to integrate [12] . This type of nanogenerators have innumerous advantages, such as flexibility, environmental friendliness, versatility and extremely high output voltages.
TENGs can have different configurations, depending on the way the two triboelectric materials come into contact, leading to four operation modes: vertical contact-separation, lateral-sliding, single-electrode and freestanding triboelectric-layer [2, 6, 11, 13, 14, 15, 16] . Theoretical TENGs studies [12, 17, 18, 19] found that, as first approximation, the output voltage (V) of a dielectric-to-dielectric TENG in the contact-mode is given by [6, 20] :
where A is the triboelectric surface area, Q is the transferred charge, x(t) is the time-dependence distance between the two triboelectric layers, ε 0 is the permittivity of free space and d 0 is the effective dielectric thickness given by 
The short-circuit current (I SC ) generated by a TENG is proportional to the generated triboelectric charge density (σ), the surface of the electrode (A), and the speed of the relative mechanical movement [v(t)] and inversely proportional to the square of the distance between the electrodes:
In the construction of triboelectric nanogenerators it is necessary to consider the main factors behind high performance, particularly the choice of triboelectric materials. For this aim, one uses the Triboelectric Series, where the triboelectric materials are ordered according to their polarity (ability of a material to gain/lose electrons) [18, 21, 22] . Materials such as glass or Nylon are positive tribo-materials and tend to lose electrons when coming into contact with negative charge tendency materials [e.g. Poly(tetrafluoroethylene) (PTFE) or Poly(dimethylsiloxane) (PDMS)], that have a tendency to gain electrons [18, 21, 23] . For this study, we choose PDMS and Nylon as the two triboelectrical materials, due to their opposite position in the triboelectric series [21, 23] . PDMS is a widely used polymer, due to its flexibility, manufacturing ease, transparency, biocompatibility and super-hydrophobicity. It is also widely used as triboelectric material in the construction of TENGs for a broad range of applications [24, 25, 26] . On the other hand, Nylon has good mechanical properties (strength and stiffness), high impact resistance, is easy to fabricate and maintains its properties over a large temperature range [27] .
Herein, we study the effect of the variation of the thickness of the PDMS triboelectric layer and of the surface area on the generated electrical outputs when PDMS and Nylon come into contact. We aim to best understand and enhance the triboelectric effect and consequently to optimize future prototypes.
Experimental details
In this study we used a SYLGARD 182 Silicone Elastomer kit, supplied in two parts consisting of the PDMS base and the curing agent component (Dimethyl,Methylhydrogen Siloxane). The base and the curing agent were mixed using a weight ratio of 10:1.We used the spin-coating technique at different rotation-velocities to deposit the fabricated PDMS on an aluminium substrate which will serve as one of the electrodes. The rotation velocity of the spinner was variated from 500 to 5000 rpm, leading to PDMS thicknesses from 13 to 220 µm [28, 29, 30, 28, 29, 31] . Curing of PDMS was performed at 80
• C for two hours in an oven. The other triboelectric material (Nylon) was used in thin film form with a thickness of 50 µm.
To measure the generated electrical signals, an aluminium tape was attached to both triboelectric materials to serve as electrode and placed into acrylic plates (with 20 cm 2 ). We then used a home-made systematic testing system that makes the two triboelectrics materials come into contact. Measurements of the generated current, voltage and power as a function of the load resistances (R L ) were then performed using a circuit board with resistors from 100 to 1 GΩ.
Results and discussion

Thickness of the Triboelectric Layer
Aiming the improvement of the triboelectric effect, we studied the influence of the PDMS layer thickness on the generated electrical outputs. PDMS was the triboelectric material chosen to vary the thickness (between 13 and 220 µm), while Nylon was used in film form [ Fig. 2(a) ]. When the different samples of PDMS come into contact with the Nylon plate, we systematically measured the voltage, current and corresponding power. On the other hand, the minimum voltage (0.2 V) occurred for a PDMS thickness of 220 µm. The decrease of < V OC > with increasing thickness is apparently not in agreement with present TENG theories [17, 18] . It must then be related with intrinsic properties of the PDMS films, such as stiffness , hardness or roughness and their thickness dependence. The current has the opposite behaviour since, as the thickness increases, the current also increases, saturating at a value of ∼ 1.3 µA [ Fig. 2(b) ]. These results are in accordance with the theory of triboelectric nanogenerators [Eq. (3)].
We then measured the voltage and current from 100 to 1 GΩ , as seen in Figs. 2(a) and (b). Figure 2 (a) illustrates the generated voltage and, for all samples, the voltage increased above a load resistance of 10 kΩ, tending to a constant value (open-circuit voltage). We also measured the current flowing in the circuit for the same range of resistances and noticed the opposite behaviour since, with increasing resistance, the current values decrease [ Fig. 2(b) ]. These results confirm that increasing the PDMS thickness leads to a decrease (increase) of the generated voltage (current). On the other hand, the maximum output power occurred for a PDMS layer thickness of 32 µm and has a value of 0.56 µW [which corresponds to a power density of 0.55 mW/m 2 ; Fig. 2(c) ]. Figure 2(d) shows the maximum generated power as a function of the PDMS thickness layer. It is possible to verify two different behaviours: up to 32 µm of PDMS, the generated power increases with increasing thickness (reaching a maximum value of 0.56 µW); from 32 to 220 µm the generated power decreases sharply, reaching a minimum value of 0.23 µW (which corresponds to a power density of 0.23 mW/m 2 ) . 
Area of the Triboelectric Surfaces
To investigate the relationship between the electric outputs and the area of the triboelectric surfaces, a set of systematic measurements was also performed. In this study, we changed the areas of the triboelectric materials between 2.5 and 15 cm 2 . Similar to the previous study, we used a PDMS-Nylon tribo-pair, although in this study the thickness of the PDMS remained constant (= 32 µm).
In Fig. 3(a) , it is possible to observe the open-circuit voltage for the four different values of triboelectric surface area, clearly demonstrating an increase of the voltage peaks with increasing contact area. In Fig.  3(b) are represented the short-circuit currents obtained for the same triboelectric surface areas. The output current also increases with the increase of the contact area, due to the increased amount of transferred charges. Similarly, we proceeded to calculate the average of the voltage and current peak values for the different areas of the triboelectric surfaces [ Figs. 3(c) and (d) ]. Figure 3(c) shows the values of the mean open-circuit voltage generated for the Nylon-PDMS pair in the contact-separation mode. The maximum value of the generated voltage was 1.2 V and occurred for a surface area of 15 cm 2 . The maximum generated current was 0.43 µA for a contact area of 15 cm 2 [ Fig. 3(d) ]. Thus, we observed that the increase of the macroscopic contact area leads to the increase of the output voltage and current.
We again measured the electric outputs for the four different areas when connected to variable load resistances (from 100 to 1 GΩ; not shown). As expected, the voltage has maximum values (1.2 V) at high resistances, whereas the current reaches maximum values (0.43 µA) for small resistances. The area dependence of the maximum power is shown in the inset of Fig. 3(d) , displaying a linearly increasing tendency with the increase of sample area and reaching an output power of 0.5 µW (corresponding to a power density of 0.33 mW/m 2 ).
Conclusion
In summary, we studied the influence of the thickness of the triboelectric layer and of the contact area of the triboelectric surfaces on the triboelectric effect. By changing the PDMS thickness layer, we obtained the relationship between the PDMS thickness layer and the electrical output, when PDMS comes into contact with Nylon. With increasing PDMS thickness, the voltage values decreased but the current increased. The maximum output power occurred for a PDMS layer thickness of 32 µm and had a value of 0.56 µW. We also observed that increasing the contact surface of the triboelectric materials increases the electrical output generated for the contact-separation of the tribo-pair PDMS-Nylon. For a surface area of 15 cm 2 , we achieved an output power density of 0.33 mW/m 2 .
